Endocannabinoid signaling is distributed throughout the brain, regulating synaptic release of both excitatory and inhibitory neurotransmitters. The presence of endocannabinoid signaling within stress-sensitive nuclei of the hypothalamus, as well as upstream limbic structures such as the amygdala, suggests it may play an important role in regulating the neuroendocrine and behavioral effects of stress. The evidence reviewed here demonstrates that endocannabinoid signaling is involved in both activating and terminating the hypothalamic-pituitary-adrenal axis response to both acute and repeated stress. In addition to neuroendocrine function, however, endocannabinoid signaling is also recruited by stress and glucocorticoid hormones to modulate cognitive and emotional processes such as memory consolidation and extinction. Collectively, these data demonstrate the importance of endocannabinoid signaling at multiple levels as both a regulator and an effector of the stress response.
ecules that are not stored in vesicles, but are generated on demand and then liberated to act in a retrograde fashion on presynaptically localized CB 1 receptors (Wilson and Nicoll, 2002) . The signaling lifespan of AEA and 2-AG, in turn, is primarily regulated by yet ill-defined uptake processes and intracellular hydrolysis by fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAG-L), respectively (Hillard, 2000) . Recent observations also implicate serine hydrolase ␣,␤-hydrolase domain 6 (ABHD6) as an essential regulator of 2-AG and thus a key player in the control of eCB efficacy (Marrs et al., 2010) . The CB 1 receptor is coupled to G i/o proteins and functions to suppress adenylate cyclase activity and calcium influx, resulting in the suppression of neurotransmitter release. Accordingly, the primary function of the eCB system is to gate and regulate neurotransmitter release, particularly GABA and glutamate, thus fine tuning the strength of a particular synapse (Freund et al., 2003) .
The stress response: a role for endocannabinoids?
Stress is most readily defined as any stimulus that presents a challenge to homeostasis-typically a real or perceived threat to an organism's well being. Activation of the hypothalamicpituitary-adrenal (HPA) axis is a well characterized response to stress. Activation of the HPA axis results in the release of corticotropin-releasing hormone (CRH) from neurosecretory cells of the paraventricular nucleus of the hypothalamus (PVN) into the portal vessels, where it is then transported to the anterior pituitary gland and stimulates the release of adrenocorticotropic hormone (ACTH) into the general circulation (Herman et al., 2002) . In turn, ACTH causes the release of glucocorticoid hormones (primarily corticosterone in rodents and cortisol in humans) from the adrenal cortex into the circulation. A major function of glucocorticoids during stressful experiences is to mobilize energy stores, which allows the organism to mount the appropriate response to a threat. In addition, glucocorticoids produce a range of effects on cardiovascular, immune, metabolic, and neural systems that facilitate optimal responses to aversive stimuli (Pecoraro et al., 2006) . Excessive and unchecked secretion of glucocorticoids, however, can produce detrimental effects on health and increase the susceptibility of the organism to an array of disease states, ranging from mood disorders to type II diabetes. To circumvent this, glucocorticoids exert potent negative feedback inhibition of the HPA axis, such that elevated circulating levels of glucocorticoids rapidly suppress HPA axis activity. Negative feedback of the HPA axis occurs at multiple levels in the periphery (e.g., adrenal and pituitary glands) and the brain. Within the PVN, glucocorticoids exhibit both rapid and delayed suppression of HPA axis activity (Dallman, 2005) . In addition, extrahypothalamic limbic structures that communicate with the PVN exert both positive and negative regulation of the HPA axis (Ulrich-Lai and Herman, 2009 ). The amygdala has been identified as one of the primary limbic structures involved in activating the HPA axis in response to stressful stimuli. The hippocampus and prefrontal cortex, on the other hand, have been identified as inhibiting the HPA axis, and are also involved in the extrahypothalamic glucocorticoid-mediated negative feedback of the HPA axis.
Given the pronounced effects of cannabis on emotionality and the processing of stressful information, it is not surprising that eCB signaling is widely distributed throughout corticolimbic circuits that are linked to the stress response. With respect to the CNS, CB 1 receptors are expressed and both AEA and 2-AG are synthesized in the hypothalamus, including locally within the PVN (Malcher-Lopes et al., 2006) , as well as in upstream structures such as the amygdala, hippocampus, and prefrontal cortex (Herkenham et al., 1991; Hill et al., 2008) . As cannabis consumption is known to produce anxiolytic and stress-reducing effects in humans, the question arose as to whether eCB signaling itself was involved in regulating the stress response and subsequent changes in neuroendocrine function and emotional behavior. Following is a review of a mini-symposium that summarizes the current state of knowledge regarding how eCB signaling integrates into the regulation of the HPA axis in response to stress and, in turn, how stress-induced regulation of eCB signaling is involved in both glucocorticoid feedback and changes in emotional behavior.
Endocannabinoids and activation of the HPA axis
The presence of CB 1 receptors within corticolimbic circuits regulating the HPA axis and the anti-stress properties of cannabis consumption suggest that eCB signaling should inhibit the stress response. Both genetic disruption and pharmacological blockade of CB 1 receptor signaling result in an increase in HPA axis activity under basal conditions and following exposure to acute stress (Patel et al., 2004; Wade et al., 2006; Cota et al., 2007; . These data indicate that an eCB tone provides a steady-state inhibition of HPA axis activity, which, when disrupted, results in activation of the HPA axis. This gatekeeper model was supported by subsequent studies revealing a decrease in AEA content in the amygdala, through an increase in FAAH-mediated hydrolysis, in response to acute stress (Patel et al., 2005b; Rademacher et al., 2008; . Preventing this decline in amygdalar AEA by local administration of a FAAH inhibitor into the basolateral nucleus (BLA) attenuates stressinduced activation of the HPA axis . Similarly, local administration of a CB 1 receptor agonist directly into the BLA dramatically reduces stress-induced activation of the HPA axis (Ganon-Elazar and Akirav, 2009; . Given that administration of a CB 1 receptor antagonist to unstressed animals increases neuronal activation of the BLA (Singh et al., 2004; Patel et al., 2005a) , and that CB 1 receptors regulate the release of glutamate within the amygdala (Azad et al., 2003; Domenici et al., 2006; Kodirov et al., 2009; Karst et al., 2010) , we propose ( Fig. 1 ) that under steady-state conditions, a tonic level of AEA/CB 1 receptor signaling within the BLA gates glutamatergic inputs to principal neurons in the BLA. In response to stress, FAAH activity increases and AEA levels decline, resulting in a disinhibition of BLA principal neurons and thereby an increase in the outflow of amygdalar neurons and downstream targets of the amygdala, such as the HPA axis . In support of this model, genetic work has determined that CB 1 receptors localized on glutamatergic, and not on GABAergic, neurons are responsible for the ability of eCBs to restrain activation of the HPA axis .
Stress and glucocorticoid-mediated regulation of endocannabinoid signaling in the hypothalamus: a role in glucocorticoid feedback
In addition to contributing to the regulation of the HPA axis, eCB signaling is also regulated by the HPA axis. In vitro studies have demonstrated that direct application of glucocorticoids to hypothalamic slices results in a rapid (ϳ10 min) elevation in the tissue content of both AEA and 2-AG (Malcher-Lopes et al., 2006) . In vivo studies have supported these findings by demonstrating that peripheral administration to rats of corticosterone results in a rapid (ϳ10 min) increase in both AEA and 2-AG levels in the hypothalamus (Hill et al., 2010a) . Similarly, exposure to 30 min of restraint stress results in a significant elevation in hypothalamic 2-AG content, while having no effect on tissue levels of AEA (Evanson et al., 2010) . Thus, stress increases hypothalamic eCB signaling through a glucocorticoid-mediated pathway. Furthermore, given the rapid effects of glucocorticoids on hypothalamic eCB signaling, these effects are likely not mediated by the canonical actions of glucocorticoids on gene transcription.
The function of this increase in hypothalamic eCB signaling in response to stress has been highlighted by a series of in vitro and in vivo studies demonstrating a critical role of this process in glucocorticoid-mediated negative feedback. Following activation of the HPA axis in response to stress, elevated circulating glucocorticoids feed back onto the brain to suppress stress-induced HPA activation via both a rapid, transcriptionindependent inhibitory mechanism and a delayed, transcription-dependent regulation of HPA output. Intracellular recordings from in vitro brain slices have demonstrated a rapid glucocorticoidinduced suppression of glutamatergic excitatory synaptic inputs to CRH neurons of the PVN that is mediated by a putative membrane glucocorticoid receptor (Di et al., 2003) . This suppression of excitatory inputs to CRH neurosecretory cells may represent a mechanism of fast-feedback inhibition of the HPA axis, whereby glucocorticoids can rapidly decrease incoming excitatory input and decrease activation of the HPA axis at the level of the PVN. This rapid glucocorticoid suppression of PVN neurons is blocked by inhibiting postsynaptic G-protein activity and by blocking CB 1 receptors (Di et al., 2003) . The glucocorticoid effect is also blocked by inhibiting the activity of diacylglycerol lipase, a synthetic enzyme of 2-AG (C. C. Harris and J. G. Tasker, unpublished observation), indicating that the glucocorticoid suppression of excitation is mediated by the eCB 2-AG. These findings are consistent with the ability of glucocorticoids to induce 2-AG synthesis rapidly in the hypothalamus in vitro and in vivo (Malcher-Lopes et al., 2006; Hill et al., 2010a) . These observations implicate a rapid glucocorticoid-induced suppression of the excitatory synaptic drive to CRH neurons via the dendritic release and retrograde actions of eCBs in the PVN, providing a potential mechanism for the rapid negative feedback effects of glucocorticoids on the HPA axis via a membrane-associated glucocorticoid receptor and noncanonical glucocorticoid signaling mechanism (Fig. 2) .
The postulated glucocorticoid-eCB mechanism of rapid HPA axis feedback inhibition has recently been tested in vivo in studies in which glucocorticoids and cannabinoid analogs were administered directly into the PVN. Local bilateral PVN administration of glucocorticoids, including a dexamethasone-BSA conjugate that is membrane-impermeant and restricted to the extracellular environment, dampens the restraint stress-induced secretion of ACTH and corticosterone, suggesting a rapid glucocorticoid inhibition of the HPA axis directly at the level of the PVN (Evanson et al., 2010) . The rapid glucocorticoid-mediated suppression of HPA axis activation is prevented by the coapplication into the PVN of the CB 1 receptor antagonist AM251 [N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1 Hpyrazole-3-carboxamide], indicating that the rapid glucocorticoid effect is mediated by eCB actions in the PVN. Again, this is consistent with the observation that both restraint stress and glucocorticoids cause a rapid increase in the level of 2-AG in the hypothalamus (Evanson et al., 2010; Hill et al., 2010a) . These findings support a role for the glucocorticoid-induced eCB release in the PVN in the rapid glucocorticoid feedback regulation of the HPA axis.
It has recently been demonstrated that exposure of young rats to repetitive, but not acute, immobilization stress (30 min/d for 5 d) results in a loss of eCB-mediated retrograde signaling in parvocellular neurosecretory cells (PNCs) of the PVN (Wamsteeker et al., 2010) . Specifically, following repeated stress, application of dexamethasone to hypothalamic slices no longer causes an eCBmediated suppression of excitatory inputs to PNCs (Wamsteeker et al., 2010) , as was described above. Confirming that this loss of glucocorticoid-mediated suppression of excitation in the PVN is due to an impairment of eCB signaling, bath application of a CB 1 receptor agonist to PVN slices from repeatedly stressed animals does not suppress excitatory transmission to PNCs (Wamsteeker et al., 2010) . Moreover, the ability of a CB 1 receptor agonist to inhibit GABA transmission to PNCs is also compromised following repeated stress (Wamsteeker et al., 2010) . This conundrum may underscore the notion that following stress, GABA does not necessarily function as an inhibitory transmitter. In fact, following stress-induced changes in chloride homeostasis in PNCs, GABA can act in an excitatory capacity when synapses are activated by bursts of activity (Hewitt et al., 2009 ).
This loss of CB 1 receptor function in the PVN has important implications for glucocorticoid-mediated feedback inhibition of the CORT binds to a membrane-associated glucocorticoid receptor (mGR) (1), which causes eCB synthesis in CRH neurons (2) and retrograde eCB release (3); eCB binds to presynaptic CB1 receptors on glutamate terminals (4) and inhibits glutamate release (5) onto the CRH neurons, suppressing the excitatory synaptic drive and decreasing CRH neuron activity and CRH release (6), which suppresses HPA axis activation.
HPA. As glucocorticoid-mediated induction of eCB signaling within the PVN is integral for fast-feedback inhibition of the HPA axis (see above and Fig. 2 ), this process may be compromised following chronic stress. In line with this hypothesis, in vivo studies have shown that chronic stress exposure results in impaired glucocorticoid-mediated fast-feedback inhibition of the HPA axis . Together, these data indicate that glucocorticoids induce eCB signaling through a rapid, nongenomic process in CRH neurons of the PVN. This induction of eCB signaling inhibits glutamatergic inputs to CRH neurons, and thus decreases the excitatory drive to the HPA axis. This process is believed to subserve glucocorticoidmediated fast-feedback inhibition of the HPA axis. Following chronic stress, eCB signaling in the PVN is compromised, which results in impaired fast-feedback inhibition of the HPA axis, and likely contributes to the hypersecretion of glucocorticoids following chronic stress (Hill et al., 2010b ).
Stress and glucocorticoid-mediated regulation of endocannabinoid signaling in the amygdala: a role in emotional memory
Glucocorticoid-mediated induction of eCB signaling occurs not only in the hypothalamus, but also in the amygdala. While exposure to stress rapidly reduces tissue levels of AEA in the amygdala (Patel et al., 2005b; Rademacher et al., 2008; ), administration of corticosterone in the absence of stress results in a rapid increase in tissue levels of AEA in the amygdala (Hill et al., 2010a) . These apparently contradictory findings have lead to the hypothesis that stress, through a glucocorticoid-independent mechanism, rapidly decreases amygdalar AEA content, which is reversible by increasing levels of glucocorticoids following activation of the HPA axis (Hill and McEwen, 2010) .
At the functional level, there is growing interest in the putative interactions between glucocorticoids and eCBs within the amygdala. Accumulating evidence demonstrates that glucocorticoid hormones enhance long-term consolidation of emotionally arousing experiences involving rapid actions on intracellular signaling cascades in the BLA (Roozendaal, 2000; McGaugh, 2002) . Given the ability of glucocorticoids to rapidly mobilize eCB signaling, the eCB system seems to be a plausible target to mediate these glucocorticoid effects. Bilateral post-training infusions of the CB 1 receptor agonist WIN55,212-2 [( R)-(ϩ)- [2,3-dihydro-5-methyl-3-(4-morpholinylmethyl) pyrrolo-[1,2,3-d,e]-1,4-benzoxazin-6-yl]-1-naphthalenylmethanone] into the BLA induced dose-, time-, and site-dependent enhancement of inhibitory avoidance retention performance that was comparable to performance seen following post-training glucocorticoid administration (Campolongo et al., 2009) . In line with these parallels between CB 1 receptor activation and glucocorticoids, intra-BLA administration of a CB 1 receptor antagonist, at a dose ineffective, per se, on memory consolidation, is capable of blocking the ability of systemically administered corticosterone to facilitate aversive memory consolidation (Campolongo et al., 2009 ). Together, these findings indicate that glucocorticoids recruit eCB signaling in the BLA to modulate aversive memory consolidation.
It is well established that activation of CB 1 receptors decreases GABA release (Ohno-Shosaku et al., 2001; Freund et al., 2003) via a rapid inhibition of Ca 2ϩ entry into the terminals (Hoffman and Lupica, 2000; Wilson et al., 2001) . Furthermore, it has been reported that the amygdalar GABAergic system modulates memory storage (McGaugh, 2002) and that inhibition of GABAergic activity within the BLA enhances memory consolidation by increasing the release of norepinephrine (NE) (Hatfield et al., 1999) , a neurotransmitter involved in mediating emotional arousal effects on memory consolidation (McGaugh, 2000 (McGaugh, , 2004 . In view of this evidence, the following model is proposed: corticosterone binds to a membrane-bound glucocorticoid receptor (as discussed above), which activates the Gs-cAMP/protein kinase A pathway to induce eCB synthesis, similar to the rapid glucocorticoid signaling in the PVN (Malcher-Lopes et al., 2006) . eCBs are released into the synapse, where they bind to CB 1 receptors on GABAergic terminals to inhibit GABA release. This inhibition of GABA release leads to the disinhibition of NE release and increases noradrenergic activation of postsynaptic ␤ adrenoreceptors, increasing the consolidation of emotionally aversive memories (for model, see Hill and McEwen, 2009; Campolongo et al., 2009) . As such, these data provide functional evidence of glucocorticoidmediated recruitment of eCB signaling in the amygdala, demonstrating that this phenomenon is important for complex behavioral processes in addition to glucocorticoid-mediated feedback.
A role for amygdalar endocannabinoid signaling in adaptation to stress and aversive stimuli Unlike the hypothalamus, which exhibits a robust increase in 2-AG content following stress or glucocorticoid treatment (Malcher-Lopes et al., 2006; Evanson et al., 2010; Hill et al., 2010a) , the amygdala shows no change in 2-AG content in response to an acute stressor (Patel et gressively increases (Patel et al., 2005b (Patel et al., , 2009 Rademacher et al., 2008; Hill et al., 2010b) . This response is temporally restricted, with elevations in 2-AG found within 20 -30 min of the onset of stress (Patel et al., 2009; Hill et al., 2010b) , but waning within 1 h after the onset of stress (Patel et al., 2009 ) and reversing completely within 24 h of exposure to stress (Hill et al., 2010b) . Based on these data, it has been suggested that repeated stress exposure results in an enhanced capacity to elevate 2-AG levels following subsequent stress exposures (Patel et al., 2009) .
Given the prominent role of 2-AG in mediating retrograde eCB signaling at central synapses (Kano et al., 2009 ), a clear extension of the above findings is that eCB-mediated synaptic suppression would be enhanced after chronic stress exposure. An inherent assumption in this hypothesis is that tissue levels of 2-AG correlate with the magnitude of eCB-mediated synaptic signaling, one that had not been previously tested. In accordance with this hypothesis, a prototypic form of eCB signaling, depolarization-induced suppression of inhibition (DSI), was found to be significantly enhanced in BLA neurons of mice exposed to 10 d of restraint stress (Patel et al., 2009) . One day of restraint stress exposure did not affect DSI, consistent with a lack of change in 2-AG levels seen after acute stress exposure Patel et al., 2009) . These findings support the notion that tissue levels of 2-AG correlate with the magnitude of eCB signaling.
With regard to the functional implications of repeated stressinduced elevations in amygdala 2-AG signaling, Hill et al. (2010b) have recently shown that this process is critical for the habituation of the HPA axis that occurs in response to repeated homotypic stressor exposure. Specifically, the elevation of 2-AG within the amygdala following repeated stress correlated with the magnitude of HPA axis suppression, and local administration of a CB 1 receptor antagonist into the BLA reversed the expression of stress habituation (Hill et al., 2010b) . Accordingly, increased recruitment of 2-AG signaling within the BLA appears to be essential for adaptation of the HPA axis to repeated stress. Given the aforementioned model by which eCB signaling in the BLA gates glutamatergic inputs to principal neurons, the most parsimonious explanation of these data is that a transient augmentation of 2-AG signaling upon repeated stressor exposure dampens excitatory inputs to the BLA, thereby decreasing the outflow of the amygdala, which would include stimulation of the HPA axis (Hill et al., 2010b ) (see Fig. 3 for model) . This model is in accordance with a recent report demonstrating that corticosterone inhibits glutamatergic inputs to the BLA through an eCB-mediated mechanism, but only in animals that have a history of previous stress exposure (Karst et al., 2010) .
In addition to contributing to adaptation of the HPA axis to stressful stimuli, eCB signaling in the amygdala is also important for behavioral adaptation to aversive stimuli. In response to an acutely presented aversive stimulus, an organism must recognize a potential threat and adequately react to it, including fear and anxiety responses. These behavioral responses rapidly vanish when the threat is removed. Such cognitive-emotional flexibility allows an organism to both respond and adapt to threats. Recent observations suggest an important role of the eCB system in this complex adaptive process. Using classical associative fear conditioning and extinction paradigms, it was revealed that during extinction training, but not initial fear conditioning, eCB levels in the amygdala, but not in the prefrontal cortex, were elevated (Marsicano et al., 2002) . The relevance of this increase in eCB signaling was highlighted by subsequent behavioral studies demonstrating that mice lacking the CB 1 receptor exhibited prolonged expression of fear behaviors during extinction training, indicating that this augmentation of amygdalar eCB signaling is essential for the adaptation of fear behaviors (Marsicano et al., 2002) .
This observation was subsequently extended to nonassociative fear, where mice exposed to a brief inescapable electric foot shock showed a considerable fear response to a subsequently presented neutral tone (Kamprath and Wotjak, 2004) . However, whereas this fear behavior was rapidly suppressed in wild-type mice, CB 1 receptor-deficient mice failed to suppress the conditioned fear response (Kamprath et al., 2006) . Specifically, mice lacking CB 1 receptors showed persistent fear on repeated tone exposures, indicating that the CB 1 receptor is essential not only for within-, but also for between-session habituation (Kamprath et al., 2006) . The fear dampening effects of eCBs become evident only in highly aversive situations and are independent of CRH and corticosterone action (Kamprath et al., 2009 ).
Similar to the hypothesized mechanism of HPA axis regulation, experiments with conditional mouse CB 1 receptor mutants reveal that eCBs exert their effects on fear adaptation primarily via CB 1 receptors expressed on cortical glutamatergic neurons (Kamprath et al., 2009) . As increased eCB signaling within the amygdala is coupled to both fear extinction (Marsicano et al., 2002) and HPA axis habituation (Hill et al., 2010b) , these data suggest that CB 1 receptor-mediated regulation of cortical glutamatergic inputs to BLA neurons is likely the nexus of the eCB contribution to both neuroendocrine and behavioral adaptation to stress.
Summary
The material reviewed in this mini-symposium demonstrates an increasingly complex role of eCB signaling in multiple facets of the stress response. With respect to the HPA axis, eCB regulation of glutamatergic transmission in both the PVN and the BLA appears to be critical for the suppression of the HPA axis under conditions of fast-feedback inhibition and habituation following repeated stress, respectively. Temporal studies demonstrate an interesting dual component role of eCBs within the HPA axis. Specifically, a rapid loss of AEA within the BLA following stress exposure promotes activation of the HPA axis, whereas a glucocorticoid-mediated elevation in 2-AG in the PVN contributes to fast-feedback inhibition of the HPA axis. Adding to this complexity is the emerging role of eCB signaling in the BLA in the habituation of the HPA axis response to repeated stress. The eCB system, therefore, is clearly intertwined with HPA axis function, under both acute and chronic conditions.
In addition to regulation of the HPA axis, however, eCB signaling also contributes to higher-order responses to stress, such as emotional and cognitive responses. As an extension of the role of eCB signaling in the adaptation of the HPA axis to repeated stress, eCBs are also required for the suppression of behavioral responses to aversive stimuli following their removal or repeated presentation. Furthermore, the recruitment of eCB signaling within the amygdala by glucocorticoids mediates their effects on the consolidation of emotional memory.
Together, these data clearly point to the integration of eCBs into the stress response. Ongoing research will help us to delineate the extent to which eCB signaling is engaged by stress in different stress-related CNS structures, and how deficits in this system may contribute to stress-related mental disorders, such as depression and post-traumatic stress disorder ).
